Climate change is causing rapid shifts in species' range limits, leading to poleward expansions and range losses toward the equator. However, 'climate debt', the gap between required and realized range shifts under changing climates, can accumulate when species are unable to track shifting conditions sufficiently rapidly to keep pace with climate changes. Currently, we do not know the rate at which species will keep pace via dispersal to track their climate envelopes, yet understanding potential differences in climate debt is central to estimating how climate change will influence extinction risk. Here, we use historical observations of 155 butterfly species found in Canada to construct climate-based environmental niche models for each species and then compare projections with observed modern distributions to quantify climate debts. This approach suggests that high levels of climate debt are accumulating within the vast majority of these species. Such failure to track changing climates may arise from some combination of interspecific interactions such as particular food availability for specialists, abiotic barriers such as mountain ranges, or species' intrinsic dispersal capacities. Our linear models relating climate debt to a variety of biological predictors suggest that the debts we documented are accumulating independently of dispersal ability, diet breadth, and phylogeny. A proxy for range size is the only significant predictor of climate debt, with species with narrower ranges accumulating more debt: this suggests that species with narrow ranges may be at risk from both a reduction of suitable habitat in their current range and the failure to colonize newly available habitat. Identifying the factors, whether intrinsic or imposed by local environmental conditions, that limit species' capacities to colonize areas beyond their historical limits is vital to conservation planning.
Introduction
Climate change has reduced the thermal barriers that previously limited species' poleward and elevational range limits, and in response, their geographic ranges are expanding rapidly both upward in elevation and northward in latitude (Chen et al. 2011) . However, recent studies have suggested that 'climate debt' can accumulate when species fail to track changing climatic conditions along the leading edge of their ranges (Devictor et al. 2012 , Zhu et al. 2012 , Kerr et al. 2015 . If edges contract on the equatorward side along with poleward climate debt, then species ranges can shrink, creating immediate conservation concern (Kerr et al. 2015) . Given that full occupancy of newly suitable habitat cannot be assumed, this observed failure to track complicates conservation planning using projected distributions. Thus, it is important to pinpoint the species that exhibit the greatest climate debts, and identify the attributes that characterise these species.
Species may show differential sensitivities to climate change depending on their climatic niches (the range of temperature and precipitation conditions over which a species may persist, and which may limit geographic extent; Tingley et al. 2009 ) and will show variation in the amount of newly suitable climatic area available to them. Climate debt can be estimated using environmental niche modelling that quantifies the discrepancy between climatically suitable habitat and occupied habitat (Hof et al. 2012) . Climate debt may arise by a combination of species' intrinsic dispersal limitations (Urban et al. 2012) , extrinsic dispersal barriers (Feeley and Rehm 2012) , or disruption of interspecific interactions (Schweiger et al. 2008) . Previous work has shown that, for animals, traits such as small range sizes (Schwartz et al. 2006 ), a high degree of habitat specialization (Jiguet et al. 2007 ) and morphological traits associated with flight and reproduction, such as small wing aspect ratios (Hill et al. 2011) can negatively influence species' dispersal capacity and cause lags in response to climate change. Species interactions might be especially important in modulating responses because successful climate tracking could require synchronous responses in two or more species, such as an insect and its host plant. For example, spatial or phenological mismatches might exacerbate lags in species' responses to rapid climate change (Schweiger et al. 2008) . Host specialists may be more susceptible to climate debt than host generalists ( Fig. 1 ), yet the role of specialization is not yet characterized.
If certain traits can predict species' ability to expand into newly suitable habitat following climate change, and such traits are phylogenetically conserved, then their responses to climate change (e.g. degree of climate debt) may depend on the extent of their shared evolutionary history. Furthermore, to the extent that closely related species are constrained in their trait range, then phylogenetic history may reflect functional (trait) diversity more widely (Webb et al. 2002 , Cadotte et al. 2008 , Srivastava et al. 2012 . Where closely related species show convergent responses to climate change, the distribution of other traits (beyond those central to this analysis) that are also shared may shift in a similarly correlated manner, reducing functional diversity across the landscape (D'agata et al. 2014) . Alternatively, range responses may be independent of traits or traits might be phenotypically plastic, such that there is little evolutionary signal in species responses, reflecting instead the interactions between a species and its local environment. If so, predicting how species will respond to global change could involve examining extrinsic barriers or responses of particular interaction partners (such as the Figure 1 . Schematic representation of the traits measured in this study and their hypothesized effect on a species' climate debt. Blue panels indicate trait values expected to increase climate debt and red panels represent values expected to decrease debt. (a) Species that feed on host plants with a higher phylogenetic distance between them are expected to be host plant generalists, enabling greater ecological opportunity to expand their range. (b) Species that span a larger distance geographically are hypothesized to be more plastic in their habitat selection or have greater dispersal ability, whereas geographically restricted species have specific habitat requirements or are poor dispersers. This will impede their ability to colonize novel habitats and reduce their ability to track climate change. (c) Environmental niche models are constructed using historical records and temperatures (Time 1) and projected to modern conditions (Time 2). Climate debt in this study is measured as the difference between predicted suitable habitat in Time 2 and the amount of this suitable habitat that is occupied by the species, adjusted for sampling effort.
response of a critical host plant). In either case, predicting responses will be considerably more complex.
Butterflies are among the best-studied insect groups, and their response to anthropogenic change has been well-documented (Roy and Sparks 2000 , Wilson et al. 2005 , Parmesan 2006 ). Rapid responses in this group to climate change and habitat loss have been observed, both via changes in spatial distribution (Warren et al. 2001) and phenology due to advances in dates of first appearance (Diamond et al. 2011) . Canada (an area of over 9.9 × 10 6 km 2 ) encompasses the northernmost edge of many species' ranges, offering an opportunity to monitor and measure poleward range shifts in this group. Although poleward range shifts have been observed in many Canadian butterflies (Kharouba et al. 2009 ), the traits that facilitate these shifts as well as the extent of accumulating climate debt have yet to be quantified.
Here we combine trait data and environmental niche modeling using historical records for a large number of Canadian butterfly species to identify correlates of climate debt in this group. In particular, we ask whether wingspan, mobility, a proxy of range size and measures of host plant specialization are associated with the degree of mismatch between new areas with suitable climate and new colonizations. Because many such traits show phylogenetic signal (Symonds and Blomberg 2014) , we additionally explore phylogenetic structure in our data and statistical models. Additionally, as a phylogeny depicts accumulated evolutionary differences within an assemblage, it may account for unmeasured but nonetheless important traits that may influence the accumulation of climate debt.
By integrating predictive range modeling with phylogenetic and trait-based analyses, we ask, first, whether butterfly species in Canada have tracked their historically-measured climatic niches during rapid climate changes observed over recent decades. Second, we test whether trait-based measures of dispersal, host plant specialization and range size statistically predict accumulated climate debt. Finally, we test whether observed mismatches between current and expected geographical distributions reflect shared evolutionary history, a pattern that could disproportionately elevate extinction risk among some lineages.
Methods
We use an ensemble modeling framework to predict butterfly distributions in our study region, Canada (~9.9 × 10 6 km 2 ), which includes gradients of human land use from high intensity agricultural and urban land uses to intact, natural areas across much of the country (Kerr and Cihlar 2003) . Using historical (1900 Using historical ( -1975 records of occurrence for 193 species with climatic measurements contemporary to each observation, we calibrated and constructed environmental niche models (ENMs), describing climatic associations and the potential historical distribution of each species. We calculated each species' historical niche occupancy as the ratio of truly occupied cells (using the historical observation records) compared to those predicted by the historical ENM, adjusted for sampling (see below). We then projected the cross-validated, consensus ENM for each species using contemporary climatic conditions to model potential distributions given recent climatic change. To quantify the potential for recent range expansions, we calculated the difference between the historical and modern ranges predicted using ENM ensembles. Independent of modelled expectations, we estimated realized range expansions based on the proportion of newly suitable area in which each species has been recently observed (between 1985-2010) after accounting for spatial variation in sampling effort (see below). Models were also run backwards (calibrated on 1985-2010 records, projected to 1900-1975) to test if there was a sampling bias in either time period. We then tested whether differences among species in realized range expansions are related to life history and other traits. A more detailed explanation of the construction of these ENMs can be found in the Supporting Information (Supplementary material Appendix 1 Data A1).
Records of occurrence
We analyzed approximately 250 000 georeferenced and temporally dated butterfly distribution records compiled from a variety of sources, including CBIF (Canadian Biodiversity Information Facility), the Toronto Entomological Association, e-Butterfly.org (Larrivée et al. 2014) , museum collections and many personal collections by lepidopterists, comprising 193 butterfly species. Records from across Canada were used to construct the Environmental Niche Models (discussed below). Only species with 10 or more records were included in ENM constructions, although the large majority of species are vastly better collected than this.
Distribution records were amended to follow the latest taxonomic treatment of North American butterflies (Pelham 2014) . The geographical coordinates or identifications for a small proportion of observations were incorrect, placing species either in regions far beyond their plausible distributions within Canada (Layberry et al. 1998, Brock and Kaufman 2006) or beyond terrestrial limits. After consulting with experts on Canadian butterflies (see Acknowledgements), these records were eliminated from further analysis.
Estimation of climate debt
To estimate a regional climate debt (within Canada), we used the species-specific ENM of species' forecasted modern distributions. We calculated the number of newly suitable grid cells (range gains) forecasted by the ENM in which the species had been documented in the 1985-2010 period. We divided this by the number of newly suitable grid cells that had been adequate sampled in that time period (specifically, that had at least 5 documented species records of any species in the projection period of Values range from 0 to 1, where 1 indicates that a species did not track changing climatic conditions at all, and 0 represents perfect tracking and no climate debt. We also repeated this analysis by increasing the sampling cutoff to 10 documented species records in the projection period to test the sensitivity of the results to sampling (see Supplementary material Appendix 1 for these results).
In addition to testing if there was a sampling bias in either time period, running the models forwards and backwards enabled us to calculate climate debt in both temporal directions. Species occupy varying proportions of their climatic niche, so, a propensity to underfill their niches through time could mistakenly be attributed to climate debt and failure to track climate change. If niche-underfilling is a persistent characteristic for a species, then we expect forwards and backwards debt values to be similar. Conversely, if a species truly has failed to track climate change, then we expect forward climate debt scores to be higher, as climate change erodes niche occupancy.
Goodness of fit measurements
Goodness of fit for each ENM was measured using both area under the curve (AUC) and true skill statistic (TSS) using the presence.absence.accuracy function in the PresenceAbsence package (Freeman and Moisen 2008) . AUC measures the area under the receiver-operator curve, and seeks to maximize the ratio of true positives to false positives (Hanley and McNeil 1983) . Values range from 0 (no agreement between the model and observations) to 1 (total agreement) (Hanspach et al. 2010) . TSS is similar, but less biased to prevalence (the proportion of presences compared to all grid cells) as it takes absences into account. It is calculated as the sum of sensitivity and specificity -1 (Allouche et al. 2006 ). Values range from -1 to 1, where higher values indicate better fit.
Phylogeny of Canadian butterflies
A phylogeny of 193 Canadian butterflies was drawn from a larger phylogenetic tree including all known Canadian species (Lewthwaite unpubl.), based on eight mitochondrial and protein-coding nuclear genes, totalling 6716 nucleotides. The phylogeny was generated using MrBayes ver. 3.2.2 (Ronquist et al. 2012) , and was run for 120 million generations with 25% burn-in fraction. Species on the larger tree that were missing genetic data were added posthoc by using taxonomic constraints in the PASTIS workflow (Thomas et al. 2013 ). All analyses were run across 1000 trees sampled from the posterior distribution of tree topologies as well as the consensus topology. The tree topologies and a complete description of the methods used to generate them can be found in the Supplementary material Appendix 1 Data A2 and Table A4 .
Trait data
We tested the effect of mobility, wingspan, longitudinal extent, and a measure of host plant generalism on each species' climate debt score (Fig. 1) . Average wing span measurements were obtained from Layberry et al. (1998) and James and Nunnallee (2011) . Mobility scores were obtained from Burke et al. (2011) , and represent consensuses of expert opinion. These latter scores incorporate each species' ability and tendency to reside in the same habitat or frequently move throughout the landscape, as well as their normal length of flight time. A list of the experts consulted can be found in Burke et al. (2011) . Because many species straddle the Canada/USA border and our database is only for Canada, longitudinal extent was used as a substitute for range size, calculated as the maximum longitudinal distance (measured in kilometres) between observation records (Fig. 1) . We also repeated all analyses with latitudinal extent as well as total Canadian extent (measured as the number of 10 × 10 km cells occupied by the species in both periods combined).
Host plant associations were obtained primarily from field guides and relevant literature (Howe 1975 , Morris 1980 , Scott 1992 , Layberry et al. 1998 , Guppy and Shepard 2001 , Cech and Tudor 2005 , Wagner 2005 , James and Nunnallee 2011 , Hall et al. 2014 , as well as from the butterflies and moths of North America database (Opler and Wright 1999) . These measurements were collapsed to the level of plant genera because of uncertainty in the host plant associations. Host plant generalism is commonly calculated as the raw number of host plants that a phytophagous insect consumes (Dyer et al. 2007) or this is converted into a categorical variable (Pöyry et al. 2009 ). However, because related plant species have similar chemistry (Ehrlich and Raven 1964) , we used a metric of host breadth that incorporates taxonomic distance between host plants, where species that consumed two or more host plants that were very distantly related had a higher generalism score than a species that consumes two closely-related plants. Host plant generalism was thus calculated as the sum of host plants consumed by each butterfly species using the following formula:
Generalism no.of plant orders no. of plant families 1
For some species, host plant associations are documented only at the level of plant families that were consumed and we lacked information on the number of plant genera consumed within a family. For these species, we used a conservative estimate that the butterfly species consumes 10% of plant genera within the indicated family. We repeated this analysis using a recent plant phylogeny (Harris and Davies 2016) complete at the family level, where generalism was measured as the maximum patristic distance (MPD) between host plant families. The final results were consistent across both metrics. All trait and response variables can be found in the Supplementary material Appendix 1 Table A4 .
Trait analyses
All trait analyses were conducted in R ver. 3.2.2 (R Core Team). We tested for phylogenetic signal in all traits and the response variable using the R package 'picante' (Kembel et al. 2010 ), which calculates a K statistic that compares the observed phylogenetic signal in a trait to what would be expected under a Brownian motion model of evolution (Blomberg et al. 2003) .
Higher values of K indicate greater phylogenetic signal, i.e. the tendency for more closely related species to share more similar trait values than distantly related species. Statistical significance is tested with permutation tests, which compare observed K-values to a null distribution generated by randomly shuffling trait values on the phylogeny. We evaluated the relationship between climate debt and the different explanatory variables using phylogenetic generalized least squares regression (PGLS) as implemented in the packages APE (Paradis et al. 2004) and Caper (Orme et al. 2013 ) to correct for the potential confounding influence of phylogenetic non-independence in our data. The mean lambda value for each trait was calculated from the distribution of 1000 phylogenies. The PGLS was also conducted across the 1000 tree topologies assuming the maximum likelihood estimate of Pagel's λ parameter (Pagel 1999) , which effectively scales branch lengths to best control for phylogenetic signal in the data. PGLS assumes that the residual error in the regression model is normally distributed, with variances and covariances proportional to the branch length (in the phylogeny) between each pair of species in the analysis (Felsenstein 1973) . Violation of this assumption has been linked to poor statistical performance and specifically poor parameter estimation (Revell 2010) .
To account for non-normality in model residuals as well as zero-inflation in the response variable, the comparative analysis was repeated in a Bayesian framework using the R package MCMCglmm (Hadfield 2010) . Uninformative priors were specified, as advocated by Hadfield (2010) . We used an inverse Wishart distribution on the random effects and residuals and a Cauchy parameter expansion, with variance, V, set to 1 and nu = 0.002. Because our response is a proportion and zero-inflated, we re-coded it as a binary variable with species that did not move at all into their forecasted new range coded as '0', indicating complete climate debt, and species showing some tracking coded as '1'. To evaluate sensitivity of this threshold, we additionally varied the cut-off between classes (i.e. responses less than 0.999 were classified at '0' for movement, etc.). We then modelled both the binomial response as well as the non-zero responses (i.e. species which showed some tracking) in separate analyses. The consensus phylogeny was included as a random effect in both models. We used the R package 'coda' (Plummer et al. 2006) to assess convergence and, specifically, the Raftery and Lewis diagnostic to evaluate whether the number of iterations, thinning, and burn-in fraction specified were adequate to satisfy our specified conditions (quantile = 0.025, accuracy = 0.005, probability = 0.95). Convergence in model chains was determined using the Gelman-Rubin statistic (Gelman and Rubin 1992) , which measures the potential scale reduction factor (PSR). All models should have a PSR below 1.1.
Results

Environmental niche model performance and climate debt
In total, 155 of 193 species in the total dataset had sufficient numbers of observations to model their distribution, with counts of between 23 and 3064 historical observations per species distributed across Canada and 7 and 10354 modern observations. We did not find a strong relationship between model fit and number of records (Supplementary material Appendix 1 Table A3 ).
Average AUC and TSS scores decreased significantly from the historical calibration data (AUC = 0.95, TSS = 0.81) to the contemporary prediction data (AUC = 0.84, TSS = 0.63), with a mean difference between the time periods of 0.11 for AUC (paired t-test, p < 0.001, df = 154, t = 16.24) and 0.18 for TSS (p < 0.001, df = 154, t = 14.99). However, AUC and TSS values for most species remained well above 0.5, indicating that the calibration models perform better than chance at predicting current distributions.
Climate debt among Canadian butterflies ranged from 0.185 to 1 with a remarkably high mean of 0.873 (Fig. 2a as well as Supplementary material Appendix 1 Fig. A3 for a stricter sampling threshold). These high values indicate that most cells with forecasted gain since the historical time window have no observed presence in the modern time window. The distribution of these debts is skewed toward 1 but do not fit either an exponential or gamma distribution (KolmogrovSmirnov tests, p < 0.001), supporting our use of a binomial response approach for the GLMM. Climate debt does not show significant phylogenetic signal (K = 0.09, p = 0.283), with all families showing similar average levels.
For each species' individual ENM, there was a high correlation between goodness of fit (AUC) in Time 1 and Time 2 (Supplementary material Appendix 1 Fig. A1 ; Pearson's r = 0.634, df = 153, Bonferroni p < 0.001), indicating that some species may be more suitable to model than others. There are more records in the second time period and this could have potentially affected the outcomes of the ENMs. However, modeling forwards (past climate to current distributions) and backwards (current climate to past distributions) yielded similar relationships for goodness of fit (AUC) between the two times periods, indicating that that the sampling pattern in each time period did not influence the results (Supplementary material Appendix 1 Fig. A1 ). Goodness of fit in the forward model and the magnitude of a species' climate debt were weakly correlated ( Fig. 2b; Pearson's r = 0.29, df = 146, Bonferroni p < 0.05). The relationship between goodness of fit and climate debt appeared as though there might be a mid-domain peak, which indicated that a linear model would fit poorly. Thus, we fit a LOESS curve (span = 0.75, degree = 2) to the data (Supplementary material Appendix 1 Fig. A2 ). The R 2 improved from 0.07 to 0.17, but the residual SE remained similar (0.17 to 0.16). We compared forwards-projected climate debt to backwardsprojected climate debt (Supplementary material Appendix 1 Fig. A4 ) to examine both sampling biases as well as nichefilling. Although they are significantly correlated (p < 0.01), the R 2 is low (0.255). Finally, species predicted to experience larger gains in suitable habitat in the second time period were better able to track shifting climatic conditions ( Fig. 3; Pearson's r = 0.30, df = 153, p < 0.001) and accumulated smaller climate debts. A linear regression between predicted range gains and longitudinal extent yielded a small, but significant positive relationship (Pearson's r = 0.005, df = 14, p < 0.001), suggesting that wide-ranged species will accumulate more climaticallysuitable area than species with small geographical ranges.
Trait-based analyses
Wingspan and mobility were the only measured traits that showed phylogenetic signal (p = 0.026 and p = 0.075 respectively, after correction for false discovery rate). However, the only trait that had any effect on our response variable was longitudinal extent (Table 1) , which we consider here as a proxy for range size. Both the PGLS and GLMM analyses found that species with larger longitudinal extents were better able to respond to climate change and accumulated smaller climate debts (Table 1) . In the PGLS model, the slope of the relationship between longitudinal extent and climate debt is -0.004 (SE = 0.0005, df = 139, p < 0.01).
The binomial MCMCglmm analysis yielded an estimate of 4.557 (CI 2.584-6.430, p < 0.01) for the log odds ratio, again revealing that species with larger extents had higher odds of moving into novel areas. Both methods control for the effect of phylogenetic relatedness among species but MCMCglmm methods can yield more reliable estimates for non-Gaussian distributions in error structures (Hadfield 2010) . Results were consistent at each sampling cut-off (5 or 10 species records per grid cell in the contemporary period; see Methods). We replaced longitudinal extent with both latitudinal extent and, separately, with total Canadian extent; the results were consistent across all three metrics of Table A4 and A5). We modelled our response in two ways: first, by using the binomial response (Table 1) and second, by modelling the non-zero responses separately (see Supplementary material Appendix 1 Table A1 for model output). Both methods yielded identical conclusions, with longitudinal extent as the only significant predictor of climate debt. Because we were interested in whether sampling affected our results, we reran the analyses with two measures of sampling effort included (Supplementary material Appendix 1 Table  A1 ). When the number of records from each time period was included in these models, longitudinal extent remained a highly significant predictor of climate debt (p < 0.001). Finally, we tested whether the ratio of each species' historical niche occupancy predicted the degree to which they accumulated climate debt. We inserted this ratio into the PGLS and GLMM analyses; longitudinal extent remains a significant predictor even after accounting for historic occupancy scores (Supplementary material Appendix 1 Table A6 ).
Discussion
Global responses to climate change have varied widely among species (Parmesan 2006) . There is well-documented evidence that phenology is shifting in many groups such as insects (Buckley and Kingsolver 2012) , plants (Anderson et al. 2012) and birds (Møller et al. 2010 ) to reflect changing climates. Although there is mounting evidence that many taxa are shifting poleward and upward in altitude in response to modern-day climate change (Parmesan et al. 1999 , Chen et al. 2011 , concern is growing around the wide variation in the rate at which these groups have accumulated climate debts (Devictor et al. 2012 , Kerr et al. 2015 . Historically, however, there is documentation that some groups (such as some groups of beetles) that have tracked shifting climatic conditions through the Quaternary (Coope and Wilkins 1994, Ashworth 2001) , often more successfully than their mammalian counterparts (Elias 2015) . This discrepancy between historical and contemporary tracking of shifting climatic conditions suggests that extinction risks due to recent climate changes may be more significant. The unprecedented rate of projected warming combined with contemporary land use change could hinder species' abilities to sufficiently respond to a changing climate (Davis and Shaw 2001) .
Our results show that high levels of climate debt are accumulating in many of Canada's butterflies as species fail to expand their ranges with changing climate. Although we could not assess concurrent range losses at southern edges, parallel patterns in bees suggest species with large climate debts have heightened risk of local extinction (Kerr et al. 2015) and, because range size is one of the strongest predictors of extinction risk in many taxa (Vamosi and Vamosi 2012) , any reductions in range due to contraction at the southern edge would likely decrease a species' capability to persist in the face of rapid anthropogenic change.
Several traits (e.g. dispersal ability, degree of diet specialization, and range size) have been linked with species' capacities to respond to climate change (Habel et al. 2016 ). However, the only trait we measured with a significant association with a species' climate debt was the longitudinal extent of its geographical range: species with larger extents experienced lower climate debts. Although the degree of correlation between overall range size and longitudinal extent depends on both the shape and orientation of the range, we expect that the two variables capture much of the same information, including the amount of environmental variation as well as a species' habitat breadth and its ability to successfully cross dispersal barriers and colonize novel habitats. Indeed, other metrics of range size yielded similar conclusions. Although there is wide variation in wingspan between butterfly families and high phylogenetic signal in this trait, this measure of dispersal had no explanatory power, and climate debt seems to be accumulating in all families at similar rates. We note, however, that existing measures of dispersal ability and hostplant specialization are imprecise, and refinements to those measurements might alter our conclusions that such traits do not relate to climate debt among these butterfly species.
ENMs constructed here perform well for some species and less well for others: model fit is highest in species with intermediate levels of climate debt. This is potentially concerning because it suggests that we observe large climate debts in some instances when the model fit is relatively poor but also when model fit is high -possibly due to overfitting of the calibration data or poor model extrapolation capability. Additionally, species with low historic occupancy scores Table 1 . Relationship between species' traits (average wing span, mobility score, host plant generalism index, and longitudinal extent) and their climate debt score (n = 144). K statistics were calculated for each trait, and represent the degree of phylogenetic signal present, with p values after Bonferroni correction. PGLS results are scaled to a non-fixed optimal branch length transformation. GLMM results represent the estimate from 5 000 000 iterations with 10 000 burn-in and thinning interval of 500). Lower CI = lower 95% confidence interval of the estimate. Upper CI = upper 95% confidence interval of the estimate. (climate niche 'underfillers') are also those with higher climate debts. To avoid the possibility that larger-ranged species simply yield better ENMs (making it superficially appear as though they are better trackers), we included niche occupancy scores into our models. However, our finding that climate tracking is correlated with range size remains robust. Because climate-based ENMs are necessarily correlative, many authors have advocated the use of more mechanistic models that derive their parameters independently of a species' current distribution (Kearney and Porter 2009, Buckley et al. 2010) . Incorporating information on species' physiology (Hijmans and Graham 2006) or mechanistic interactions between dispersal and population growth, respectively, with geographical range shifts (Leroux et al. 2013 ) could help improve ENM predictions for some species in our study, but, such data exist for few species. Because our primary goal was to evaluate how well species tracked their climatic niche, we believe our use of climate-based ENMs was appropriate. Nonetheless, it may be interesting to include additional information on species attributes when such data become available.
Most species exhibited a drop in model fit from the calibrated distribution (Time 1; 1900 -1975 to the predicted distribution (Time 2; 1985 . Environmental niche models use environmental conditions at a locality to estimate species' tolerances, with the goal of making predictions about future suitability in those and other locations (Guisan and Thuiller 2005) . The emergence of no-analog climate conditions (climatic conditions that were not recorded when constructing the model) presents a challenge in niche modeling because the model is extrapolating beyond its original calibrations (Fitzpatrick and Hargrove 2009) . We examined our climatic variables for no-analog conditions (see Supplementary material Appendix 1 Data A1 for a description of methods), particularly for changes in covariance among variables between time periods (i.e. novel correlation structure amongst predictor variables in Time 2). We found an increase in winter warming, especially in the north, and increasing precipitation, particularly on the west coast. Spatially, this makes extrapolation on the west coast of Vancouver Island and other spots along the central and northern coast prone to error and could account for the drop in model fit in some areas. However, the magnitude of the drop in model fit was independent of species' climate debt scores. Additionally, no-analog conditions would likely cause underestimation (rather than overestimation) of species' climate debts; because they were not incorporated into the calibration model, model projections would assess such novel climatic combinations as unsuitable.
Another potential limitation of ENMs is that they ignore species' potential adaptive capacities (Wiens et al. 2009 ). Examples of species undergoing rapid evolutionary change (especially those with short generation times, such as insects and annual plants; Franks et al. 2007) or with phenotypic plasticity (Anderson et al. 2012 , Cleland et al. 2012 ) during climate change are becoming more common. It is possible that instead of responding spatially to climate change, Canada's butterflies are responding by adjusting their phenology to new climates, as suggested for insects elsewhere (Both et al. 2009 , Ovaskainen et al. 2013 . Future analyses could explore this potential trade-off between spatial shifts and phenological adjustments.
We took a number of steps to ensure that our estimates of climate debts reflect true responses rather than model artefacts. First, only grid cells that had been adequately sampled in the projection period were included in our calculation of climate debt. Second, a weak correlation between model fit (Time 2) and levels of climate debt indicates that poor model performance does not explain increased levels of climate debt. Finally, we explored sensitivity of our results to unequal sampling between time periods by calibrating the model on observations from either time period (1900-1975 vs 1985-2010) and then projecting them both forward (when 1900-1975) or backward (when 1985-2010) . Regardless of the set of observations used, the observed climate debt measurements were similar (Supplementary material Appendix 1 Fig. A1 and A4 ). The similarity between forwards and backwards debt could indicate that species may have varying propensities to underfill their potential climatic ranges (which is supported by the variation in the historical niche occupancies between species). If this observation is characteristic of particular species, it should be consistent in comparison of forecasted and hindcasted models. If at least some of the climatic underfilling we see today has been induced by climate change or land use change, then forecasted climate debts should be greater than backward (or hindcasted) debts. Instead, many species show the opposite pattern. This could indicate that different portions of climatic space are systematically unrepresented in different time periods, which would warrant further investigation when the full ranges of each of these species can be modelled.
A common challenge for all species in our study is the large number of dispersal barriers presented by the complex landscapes of Canada. High levels of topographic variation can result in steep elevational gradients in temperature and precipitation (La Sorte et al. 2014 ), making it difficult for a species to traverse topographic barriers and may restrict movement between habitats. Fragmented landscapes have also been shown to reduce a species' ability to track climate change, regardless of their dispersal ability (Meier et al. 2012 ). Both elevation and fragmentation barriers are found at a landscape level in western Canada's extensive mountain range and human-dominated valleys. Meanwhile, 'corridors' between suitable habitats can reduce species' climate debts (Hodgson et al. 2012) , and are emerging as important conservation tools (Robillard et al. 2015) . If the geography of this region presents particular barriers to dispersal, this might explain large climate debts that we observe. It is important, therefore, that future analyses look beyond intrinsic, species-level differences and also consider the more complex predictors of landscape structure (such as dispersal barriers or habitat connectivity). Such abiotic constraints might additionally explain the apparent lack of phylogenetic structure in our estimates of climate debt.
Conclusion
Our results show a highly significant relationship between a species' longitudinal extent and their climate debt; we suggest that this may be attributed to either a greater opportunity to disperse to new habitat for species with larger range size or reflect that species with large range sizes are intrinsically better dispersers (Böhning-Gaese et al. 2006) or possess greater niche breadths (Slatyer et al. 2013 ). The most range-restricted species may face the greatest climate change-related risks and also be least capable of responding to them. Such dynamics are likely to contribute to biotic homogenization across regions and to reductions in regional diversity (Cadotte 2006) relative to historical baselines. We suggest that total range size be tested as an explicit predictor of climate debt in this and other groups. If this link is observed elsewhere and for other taxa, additional efforts to focus conservation interventions on range-restricted and endemic species would be justifiable.
